Introduction {#Sec1}
============

This paper presents studies of the spin and parity quantum numbers of the newly discovered Higgs particle \[[@CR1], [@CR2]\] in the $\documentclass[12pt]{minimal}
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                \begin{document}$$WW^* \rightarrow e \nu \mu \nu $$\end{document}$ final state, where only final states with opposite-charge, different-flavour leptons ($\documentclass[12pt]{minimal}
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                \begin{document}$$e,\mu $$\end{document}$) are considered. Determining the spin of the newly discovered resonance and its properties under charge-parity (CP) conjugation is of primary importance to firmly establish its nature, and in particular whether it is the Standard Model (SM) Higgs boson or not. Compared to the previous ATLAS publication \[[@CR3]\], this paper contains significant updates and improvements: the SM Higgs-boson hypothesis is compared with improved spin-2 scenarios. The case where the observed resonance[1](#Fn1){ref-type="fn"} has $\documentclass[12pt]{minimal}
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                \begin{document}$$J^{P} = 1^{+}$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1^{-}$$\end{document}$ is not studied in this paper as it is already excluded by previous publications both by the ATLAS \[[@CR3]\] and CMS collaborations \[[@CR4]\].

To simulate the alternative Higgs-boson hypotheses, the [MadGraph5\_]{.smallcaps}a[MC\@NLO]{.smallcaps} \[[@CR5]\] generator is adopted. It includes terms of higher order ($\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm{S}^3$$\end{document}$) in the Lagrangian, in contrast to the JHU \[[@CR6], [@CR7]\] event generator used in the previous publication \[[@CR3]\]. In the context of this study, the 1-jet final state, which is more sensitive to contributions from the higher-order terms, is analysed, in addition to the 0-jet final state.

Furthermore, the parity of the Higgs resonance is studied by testing the compatibility of the data with a beyond-the-Standard-Model (BSM) CP-even or CP-odd Higgs boson \[[@CR8]\]. Finally, the case where the observed resonance is a mixed CP-state, namely a mixture of a SM Higgs boson and a BSM CP-even or CP-odd Higgs boson, is investigated.

This study follows the recently published $\documentclass[12pt]{minimal}
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                \begin{document}$$H\rightarrow W W^*$$\end{document}$ analysis \[[@CR9]\] in the 0- and 1-jet channels with one major difference: the spin and parity analysis uses multivariate techniques to disentangle the various signal hypotheses and the backgrounds from each other, namely Boosted Decision Trees (BDT) \[[@CR10]\]. The reconstruction and identification of physics objects in the event, the simulation and normalisation of backgrounds, and the main systematic uncertainties are the same as described in Ref. \[[@CR9]\]. This paper focuses in detail on the aspects of the spin and parity analysis that differ from that publication.

The outline of this paper is as follows: Sect. [2](#Sec2){ref-type="sec"} describes the theoretical framework for the spin and parity analysis, Sect. [3](#Sec9){ref-type="sec"} discusses the ATLAS detector, the data and Monte Carlo simulation samples used. The event selection and the background estimates are described in Sects. [4](#Sec12){ref-type="sec"} and [5](#Sec16){ref-type="sec"}, respectively. The BDT analysis is presented in Sect. [6](#Sec21){ref-type="sec"}, followed by a description of the statistical tools used and of the various uncertainties in Sects. [7](#Sec24){ref-type="sec"} and [8](#Sec27){ref-type="sec"}, respectively. Finally, the results are presented in Sect. [9](#Sec31){ref-type="sec"}.

Theoretical framework for the spin and parity analyses {#Sec2}
======================================================

In this section, the theoretical framework for the study of the spin and parity of the newly discovered resonance is discussed. The effective field theory (EFT) approach is adopted in this paper, within the Higgs characterisation model \[[@CR8]\] implemented in the [MadGraph5\_]{.smallcaps}a[MC\@NLO]{.smallcaps} \[[@CR5]\] generator. Different hypotheses for the Higgs-boson spin and parity are studied. Three main categories can be distinguished: the hypothesis that the observed resonance is a spin-2 resonance, a pure CP-even or CP-odd BSM Higgs boson, or a mixture of an SM Higgs and CP-even or CP-odd BSM Higgs bosons. The latter case would imply CP violation in the Higgs sector. In all cases, only the Higgs boson with a mass of 125 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$ is considered. In case of CP mixing, the Higgs boson would be a mass eigenstate, but not a CP eigenstate.

The approach used by this model relies on an EFT, which by definition is only valid up to a certain energy scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$. This Higgs characterisation model considers that the resonance structure recently observed corresponds to one new boson with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\text {GeV}$$\end{document}$, assuming that any other BSM particle exists at an energy scale larger than $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$. The EFT approach has the advantage of being easily and systematically improvable by adding higher-dimensional operators in the Lagrangian, which effectively corresponds to adding higher-order corrections, following the same approach as that used in perturbation theory. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$ cutoff scale is set to 1 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$ in this paper, to account for the experimental results from the LHC and previous collider experiments that show no evidence of new physics at lower energy scales. More details can be found in Ref. \[[@CR8]\]. In the EFT approach adopted, the Higgs-boson couplings to particles other than $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ bosons are ignored as they would impact the signal yield with no effects on the $\documentclass[12pt]{minimal}
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                \begin{document}$$H\rightarrow WW^*$$\end{document}$ decay kinematics, which is not studied in this analysis.

This section is organised as follows. Higgs-like resonances in the framework of the Higgs characterisation model are introduced in Sects. [2.1.1](#Sec4){ref-type="sec"} and  [2.2.1](#Sec7){ref-type="sec"}, for spin-2 and spin-0 particles, respectively. The specific benchmark models under study are described in Sects. [2.1.2](#Sec5){ref-type="sec"} and  [2.2.2](#Sec8){ref-type="sec"}.

Spin-2 theoretical model and benchmarks {#Sec3}
---------------------------------------

### Spin-2 theoretical model {#Sec4}

Given the large number of possible spin-2 benchmark models, a specific one is chosen, corresponding to a graviton-inspired tensor with minimal couplings to the SM particles \[[@CR11]\]. In the spin-2 boson rest frame, its polarisation states projected onto the parton collision axis can take only the values of $\documentclass[12pt]{minimal}
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                \begin{document}$$q\bar{q}$$\end{document}$ production process. For the spin-2 model studied in this analysis, only these two production mechanisms are considered. The Lagrangian $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {L}^{p}_{2}$$\end{document}$ for a spin-2 minimal coupling model is defined as:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$T^{p}_{\mu \nu }$$\end{document}$ is the energy-momentum tensor, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$X^{\mu \nu }_{2}$$\end{document}$ is the spin-2 particle field and $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma $$\end{document}$ and gluons) and fermions (leptons and quarks), respectively. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa _{p}$$\end{document}$ are the couplings of the Higgs-like resonance to particles, e.g. $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa _{g}$$\end{document}$ label the couplings to quarks and gluons, respectively.

With respect to the previous publication \[[@CR3]\], the spin-2 analysis presented in this paper uses the [MadGraph5\_]{.smallcaps}a[MC\@NLO]{.smallcaps} \[[@CR5]\] generator, which includes higher-order tree-level QCD calculations. As discussed in the following, these calculations have an important impact on the Higgs-boson transverse momentum $\documentclass[12pt]{minimal}
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For leading-order (LO) effects, the $\documentclass[12pt]{minimal}
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                \begin{document}$$q\bar{q}$$\end{document}$ and ggF production processes are completely independent, but the beyond-LO processes contain diagrams with extra partons that give rise to a term proportional to $\documentclass[12pt]{minimal}
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                \begin{document}$$m$$\end{document}$ is the mass of the spin-2 particle), and leads to a large tail at high values of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm{T}^\mathrm{H}$$\end{document}$. The distributions of some spin-sensitive observables are affected by this tail. For a more detailed discussion, see Ref. \[[@CR8]\]. This feature appears in final states with at least one jet, which indeed signals the presence of effects beyond leading order. Therefore, the 1-jet category is analysed in addition to the 0-jet category in this paper, in order to increase the sensitivity for these production modes. Figure [1](#Fig1){ref-type="fig"} shows the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm{T}$$\end{document}$ required for the jets used for this study is 25 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$). Three different signal hypotheses are shown: one corresponding to universal couplings, $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa _{g}= \kappa _{q}$$\end{document}$, and two examples of non-universal couplings. The tail at high values of $\documentclass[12pt]{minimal}
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### Choice of spin-2 benchmarks {#Sec5}

Within the spin-2 model described in the previous section, a few benchmarks, corresponding to a range of possible scenarios, are studied in this paper. In order to make sensible predictions for the spin-sensitive observables in the case of non-universal couplings, a cutoff on the Higgs-boson transverse momentum is introduced at a scale where the EFT is assumed to still be valid: this is chosen to be one-third of the scale $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Lambda $$\end{document}$, corresponding to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm{T}<300\text {GeV}$$\end{document}$. On the other hand, the lowest possible value up to which the EFT is valid by construction is the mass of the resonance itself; therefore it is important to study the effect of a threshold on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm{T}^\mathrm{H}$$\end{document}$ at 125 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {GeV}$$\end{document}$.
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### Spin-0 and CP-mixing theoretical models {#Sec7}

In the case where the spin of the Higgs-like resonance is zero, there are several BSM scenarios that predict the parity of the Higgs particle to be either even or odd \[[@CR14]\]. Another interesting possibility is that the Higgs-like resonance is not a CP eigenstate, but a mixture of CP-even and CP-odd states. This would imply CP violation in the Higgs sector, which is possible in the context of the Minimal Supersymmetric Standard Model \[[@CR15]\] or of two Higgs-doublet models \[[@CR16]\]. This CP violation might be large enough to explain the prevalence of matter over antimatter in the universe.

In the adopted EFT description, the scalar boson has the same properties as the SM Higgs boson, and its interactions with the SM particles are described by the appropriate operators. The BSM effects are expressed in terms of interactions with SM particles via higher-dimensional operators.
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### Choice of CP benchmarks {#Sec8}

The following approach to study different CP hypotheses under the assumption of a spin-0 hypothesis is taken in this paper. First of all, in the fixed-hypothesis scenario, the cases where the observed resonance is a pure BSM CP-even or CP-odd Higgs boson are considered. In addition, the mixing between the CP-even SM and BSM CP-odd or CP-even Higgs bosons is studied. In the CP-odd case, the mixing depends on the value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _\mathrm{\scriptscriptstyle AWW}$$\end{document}$ and on the mixing angle $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha $$\end{document}$. As can be deduced from Eq. (2), varying $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha $$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _\mathrm{\scriptscriptstyle AWW}$$\end{document}$ has an equivalent effect on the kinematic variable distributions; therefore in this paper only the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha $$\end{document}$ parameter is varied while $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _\mathrm{\scriptscriptstyle AWW}$$\end{document}$ is kept constant. The scan range of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha $$\end{document}$ covers the entire range from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-\pi /2$$\end{document}$ to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pi /2$$\end{document}$ as the final state kinematic distributions differ for positive and negative values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha $$\end{document}$. On the other hand, the mixing between the CP-even SM and CP-even BSM Higgs bosons depends exclusively on the value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _\mathrm{\scriptscriptstyle HWW}$$\end{document}$ and not on the value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha $$\end{document}$.
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In addition, it is interesting to study the case where the SM, the BSM CP-even and the CP-odd Higgs bosons all mix. Unfortunately, in the $\documentclass[12pt]{minimal}
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ATLAS detector, data and MC simulation samples {#Sec9}
==============================================

This section describes the ATLAS detector, along with the data and MC simulation samples used for this analysis.

The ATLAS detector {#Sec10}
------------------

The ATLAS detector \[[@CR17]\] is a multipurpose particle detector with approximately forward-backward symmetric cylindrical geometry and a near $\documentclass[12pt]{minimal}
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The inner tracking detector (ID) consists of a silicon-pixel detector, which is closest to the interaction point, a silicon-strip detector surrounding the pixel detector, both covering up to $\documentclass[12pt]{minimal}
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A highly segmented lead/liquid-argon (LAr) sampling electromagnetic calorimeter measures the energy and the position of electromagnetic showers over $\documentclass[12pt]{minimal}
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The muon spectrometer (MS) surrounds the calorimeters and is designed to detect muons in the pseudorapidity range $\documentclass[12pt]{minimal}
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A three-level trigger system selects events to be recorded for offline analysis. The first-level trigger is hardware-based, while the higher-level triggers are software-based.

Data and Monte Carlo simulation samples {#Sec11}
---------------------------------------

The data and MC simulation samples used in this analysis are a subset of those used in Ref. \[[@CR9]\] with the exception of the specific spin/CP signal samples produced for this paper.

The data were recorded by the ATLAS detector during the 2012 LHC run with proton--proton collisions at a centre-of-mass energy of 8 $\documentclass[12pt]{minimal}
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Dedicated MC samples are generated to evaluate all but the $\documentclass[12pt]{minimal}
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Event selection {#Sec12}
===============

The object reconstruction in terms of leptons, jets, and missing transverse momentum, as well as the lepton identification and isolation criteria, which were optimised to minimise the impact of the background from misidentified isolated prompt leptons, are the same as described in detail in Ref. \[[@CR9]\]: these aspects are therefore not discussed in this paper. The selection criteria and the analysis methodology used for the spin/CP studies described here are different however, since they are motivated not only by the need to distinguish the background processes from the Higgs-boson signal, but also by the requirement to optimise the separation power between different signal hypotheses. Thus, several selection requirements used in Ref. \[[@CR9]\] are loosened or removed in the selection described below.

This section is organised in four parts. First, the event preselection is described, followed by the discussion of the spin- and parity-sensitive variables. These variables motivate the choice of topological selection requirements in the 0-jet and 1-jet categories described in the last two sections. All selection criteria are summarised in Table [2](#Tab2){ref-type="table"} and the corresponding expected and observed event yields are presented in Table [3](#Tab3){ref-type="table"}.

Event preselection {#Sec13}
------------------
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Spin- and CP-sensitive variables {#Sec14}
--------------------------------

The shapes of spin- and CP-sensitive variable distributions are discussed in this section for the preselected events.

Figures [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} show the variables used to discriminate different spin-2 signal hypotheses from the SM Higgs-boson hypothesis for the 0-jet and the 1-jet category, respectively. For both the 0-jet and the 1-jet categories, the most sensitive variables are $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm{T}^{\ell \ell }$$\end{document}$ (transverse momentum of the dilepton system), $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\ell \ell }$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \phi _{\ell \ell }$$\end{document}$ ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi $$\end{document}$ angle between the two leptons) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\mathrm{T}$$\end{document}$ (transverse mass of the dilepton and missing momentum system). These variables are the same as those used for the spin-2 analysis in the previous publication \[[@CR3]\].
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The CP-mixing analysis studies both the positive and negative values of the mixing parameter, as explained in Sect. [2.2.2](#Sec8){ref-type="sec"}. In the BSM CP-even benchmark scan, for negative values of the mixing parameter, interference between the SM and BSM CP-even Higgs-boson couplings causes a cancellation that drastically changes the shape of the discriminating variable distributions. As an example, Fig. [6](#Fig6){ref-type="fig"} shows the distribution of $\documentclass[12pt]{minimal}
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Event selection in the 0-jet and 1-jet categories {#Sec15}
-------------------------------------------------

Table [2](#Tab2){ref-type="table"} summarises the preselection requirements discussed in Sect. [4.1](#Sec13){ref-type="sec"}, together with the selections applied specifically to the 0-jet and 1-jet categories. These selection requirements are optimised in terms of sensitivity for the different spin and CP hypotheses studied while maintaining the required rejection against the dominant backgrounds. In general, they are looser than those described in Ref. \[[@CR9]\], which were optimised for the SM Higgs boson.Table 2List of selection requirements in the signal region adopted for both the spin and CP analyses.  The $\documentclass[12pt]{minimal}
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Table [3](#Tab3){ref-type="table"} shows the number of events for data, expected SM signal and the various background components after event selection. The background estimation methods are described in detail in Sect. [5](#Sec16){ref-type="sec"}. Good agreement is seen between the observed numbers of events in each of the two categories and the sum of the total background and the expected signal from an SM Higgs boson. The 0-jet category is the most sensitive one with almost three times larger yields than the 1-jet category. As expected, however, the requirements on $\documentclass[12pt]{minimal}
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Backgrounds {#Sec16}
===========

The background contamination in the signal region (SR) is briefly discussed in the previous section. This section is dedicated to a more detailed description of backgrounds and their determination. The following physics processes relevant for this analysis are discussed:$\documentclass[12pt]{minimal}
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Top quarks {#Sec18}
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The top-quark background is one of the largest backgrounds in this analysis. Top quarks can be produced in pairs ($\documentclass[12pt]{minimal}
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The top-quark background normalisation from data is derived independently of the production process.
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The resulting normalisation factor is $\documentclass[12pt]{minimal}
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In the 1-jet category, the top-quark background is the second leading background, not only in the signal region but also in the $\documentclass[12pt]{minimal}
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The extrapolation uncertainty is estimated using the above mentioned sources of theoretical uncertainties and the additional uncertainties specific to the top-quark background: $\documentclass[12pt]{minimal}
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The Drell--Yan background is dominated by $\documentclass[12pt]{minimal}
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Misidentified leptons {#Sec20}
---------------------

The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$jets background is estimated in the same way as in Ref. \[[@CR9]\], where a detailed description of the method can be found. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$jets control sample contains events where one of the two lepton candidates satisfies the identification and isolation criteria for the signal sample, and the other lepton fails to meet these criteria but satisfies less restrictive criteria (these lepton candidates are called "anti-identified"). Events in this sample are otherwise required to satisfy all of the signal selection requirements. The dominant component of this sample (85--90 %) is due to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$jets events in which a jet produces an object reconstructed as a lepton. This object may be either a non-prompt lepton from the decay of a hadron containing a heavy quark, or a particle (or particles) originating from a jet and reconstructed as a lepton candidate.

The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$jets contamination in the signal region is obtained by scaling the number of events in the data control sample by an extrapolation factor. This extrapolation factor is measured in a data sample of jets produced in association with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ bosons reconstructed in either the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ee$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \mu $$\end{document}$ final state (referred to as the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$jets control sample below). The factor is the ratio of the number of identified lepton candidates satisfying all lepton selection criteria to the number of anti-identified leptons measured in bins of anti-identified lepton $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm{T}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$. Each number is corrected for the presence of processes other than $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$jets.
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The total systematic uncertainty on the corrected extrapolation factors varies as a function of the $\documentclass[12pt]{minimal}
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BDT analysis {#Sec21}
============

Both the spin and the CP analysis employ a BDT algorithm[4](#Fn4){ref-type="fn"} to distinguish between different signal hypotheses. In all cases, two discriminants are trained to separate the signals from each other, or from the various background components, using the discriminating variables described in Sect. [4.2](#Sec14){ref-type="sec"}. The resulting two-dimensional BDT output is then used to construct a binned likelihood, which is fitted to the data to test its compatibility with the SM or BSM Higgs hypotheses, using the fit procedure presented in Sect. [7](#Sec24){ref-type="sec"}.
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Spin analysis {#Sec22}
-------------

The spin analysis presented here follows closely the strategy of Ref. \[[@CR3]\] for the 0-jet category, while the 1-jet category has been added and is treated likewise. For each category, one BDT discriminant (called BDT$\documentclass[12pt]{minimal}
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The BDT discriminant distributions (also referred to as BDT output distributions) for the 0-jet and 1-jet signal region are shown in Figs. [12](#Fig12){ref-type="fig"} and [13](#Fig13){ref-type="fig"} for the case of universal couplings and of non-universal ones with $\documentclass[12pt]{minimal}
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CP analysis {#Sec23}
-----------

The CP analysis -- which includes both the fixed-hypothesis test and the CP-mixing scan -- uses only the 0-jet category. In this case as well, two BDT discriminants are trained: the first, BDT$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_0$$\end{document}$, is identical to the one described above for the spin analysis (SM Higgs-boson signal versus background, using $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\ell \ell }$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm{T}^{\ell \ell }$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \phi _{\ell \ell }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\mathrm{T}$$\end{document}$ as input variables, as shown in Fig. [2](#Fig2){ref-type="fig"}). The second BDT, however, called $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{BDT}_{{{\mathrm{CP}}}}$$\end{document}$ in the following, is trained to discriminate between the SM signal and signal for the alternative hypothesis without any background component. The training obtained using the two pure CP-even or CP-odd hypotheses is then applied to all the CP-mixing scenarios. As described in Sect. [4.2](#Sec14){ref-type="sec"}, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{BDT}_{{{\mathrm{CP}}}}$$\end{document}$ training uses different input variables: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\ell \ell }$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \phi _{\ell \ell }$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm{T}^{\ell \ell }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm{T}^\mathrm{miss}$$\end{document}$ for the CP-even scenario, as shown in Fig. [4](#Fig4){ref-type="fig"}, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\ell \ell }$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \phi _{\ell \ell }$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\ell \ell \nu \nu }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta p_\mathrm{T}$$\end{document}$ for the CP-odd scenario, as shown in Fig. [5](#Fig5){ref-type="fig"}.

The different training strategy adopted for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{BDT}_{{{\mathrm{CP}}}}$$\end{document}$ and BDT$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_2$$\end{document}$ is motivated by the intrinsic difference between the spin and CP analyses: while, in the former case, the spin-2 signal is more background-like (its shape is similar to that of the dominant $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$WW$$\end{document}$ background), in the latter case, the different signal hypotheses result in shapes of the input variable distributions which are quite similar to each other, while they remain different from the background shape. Therefore, for the CP analysis, the best separation power is obtained by training $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{BDT}_{{{\mathrm{CP}}}}$$\end{document}$ to discriminate between the SM and BSM hypotheses.

The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{BDT}_{{{\mathrm{CP}}}}$$\end{document}$ output distributions for the SM versus BSM CP-odd and CP-even hypotheses are shown in Fig. [14](#Fig14){ref-type="fig"}. Good agreement between data and MC simulation is also found in this case, once the SM Higgs-boson signal is included.Fig. 14Distributions of the output of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{BDT}_{{{\mathrm{CP}}}}$$\end{document}$, discriminating between the SM signal and the signal for the alternative hypothesis, in the signal region for the SM versus BSM CP-odd (*left*) and SM versus BSM CP-even (*right*) hypotheses. The signal is shown for the SM Higgs-boson hypothesis with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_H = 125$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {GeV}$$\end{document}$. The background yields are corrected with the normalisation factors determined in the control regions

Fit procedure {#Sec24}
=============

This section discusses the statistical approach adopted in this paper. First, the rebinning of the two-dimensional BDT output distribution is discussed. The rebinning is applied for both analyses: the fixed-hypothesis tests and the CP-mixing analysis. Afterwards the statistical procedure for the individual analyses is presented.
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                \begin{document}$$\mathrm{BDT}_{{{\mathrm{CP}}}}$$\end{document}$ for the CP analysis) distribution is unrolled row by row to a one-dimensional distribution. After the unrolling, bins with less than one background event are merged. The latter threshold is applied to the sum of weighted background events, i.e. after the normalisation to the corresponding cross-section and luminosity and the application of the post-fit scale factors to the background processes. This is done independently in the 0-jet and 1-jet categories and for all benchmarks and scans where a retraining of the BDT has occurred. Such a procedure is not intended to improve the expected sensitivity per se, rather to stabilise the fit in the presence of a large number of free parameters.

Procedure for the fixed-hypothesis test {#Sec25}
---------------------------------------

The statistical analysis of the data employs a binned likelihood $\documentclass[12pt]{minimal}
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Template histograms representing the nominal signal and background rates are used to construct $\documentclass[12pt]{minimal}
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The compatibility of the data and two signal hypotheses is then estimated using a test statistic defined as:$$\documentclass[12pt]{minimal}
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The confidence level (CL) for excluding an alternative BSM hypothesis in favour of the SM is evaluated by means of a CL estimator \[[@CR52]\]:$$\documentclass[12pt]{minimal}
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Procedure for CP-mixing analysis {#Sec26}
--------------------------------

The likelihood definition for the CP-mixing analysis is the same as for the spin analysis, with $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec27}
========================

This section describes the systematic uncertainties considered in this analysis, which are divided into two categories: experimental uncertainties and theoretical ones which affect the shape of the BDT output distribution. The systematic uncertainties specific to the normalisation of individual backgrounds are described in Sect. [5](#Sec16){ref-type="sec"}.
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--------------------------
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In the likelihood fit, the experimental uncertainties are varied in a correlated way across all backgrounds and across signal and control regions, so that the uncertainties on the extrapolation factors $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha $$\end{document}$ described in Sect. [5](#Sec16){ref-type="sec"} are correctly propagated. All sources in Table [6](#Tab6){ref-type="table"} are analysed to evaluate their impact on both the yield normalisation and on the shape of the BDT discriminant distributions. Shape uncertainties are ignored if they are smaller than 5 % (smaller than the statistical uncertainty) in each bin of the distributions under study. Normalisation uncertainties are ignored as well if they are below 0.1 %.

Modelling uncertainties {#Sec29}
-----------------------
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An important uncertainty arises from the modelling of the shape of the $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ [Herwig]{.smallcaps}, respectively. Finally, the PDF uncertainty is estimated by combining the CT10 PDF error set with the difference between the central values of NNPDF2.3 and CT10. The procedure is repeated for each of the final BDT output distributions and for each benchmark of the spin and parity analyses.

Modifications to the shape of the final BDT distribution from PDF and scale variations are found to be negligible, and well within the statistical uncertainty of the Monte Carlo predictions. Therefore they are included in the fit model only as overall normalisation effects. The parton shower and generator uncertainties were found to be statistically significant; therefore, a bin-by-bin shape uncertainty is applied.
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                \begin{document}$$gg \rightarrow H$$\end{document}$ processes is not taken into account in this study because of its negligible effect. In fact it results in a 4 % decrease in the total yield of events after the selection criteria and is of the same order as in Ref. \[[@CR9]\]. These results confirm the expectations in Ref. \[[@CR54]\].

The signal final-state observables are affected by the underlying Higgs-boson $\documentclass[12pt]{minimal}
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Ranking of systematics {#Sec30}
----------------------
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Results {#Sec31}
=======

The results of the studies of the spin and parity quantum numbers are presented in this section. The SM $\documentclass[12pt]{minimal}
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                \begin{document}$$J^{P}=0^{+}$$\end{document}$ hypothesis is tested against several alternative spin/parity hypotheses, and the mixture of the SM Higgs and a BSM CP-even or CP-odd Higgs bosons is studied by scanning all possible mixing combinations.

This section is organised as follows. The event yields and the BDT output distributions after the fit to data are presented in Sect. [9.1](#Sec32){ref-type="sec"}. The results of the fixed-hypotheses tests for spin-2 benchmarks are discussed in Sect. [9.2](#Sec33){ref-type="sec"} and the results for spin-0 and CP-mixed tests are shown in Sect. [9.3](#Sec34){ref-type="sec"}.

Yields and distributions {#Sec32}
------------------------

The post-fit yields for all signals and backgrounds are summarised in Table [8](#Tab8){ref-type="table"} for the spin and CP analyses. They account for changes in the normalisation factors and for pulls of the nuisance parameters. All the systematic uncertainties discussed in Table [5](#Tab5){ref-type="table"} and Sect. [8](#Sec27){ref-type="sec"} are included in the fit. The fitted signal yields vary significantly in the BSM scenarios because of the differences in the shapes of the input variable distributions between the benchmark models. A striking example is given by the benchmark models with non-universal couplings: the fitted signal yield varies considerably between the $\documentclass[12pt]{minimal}
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Spin-2 results {#Sec33}
--------------

The compatibility of the spin-2 signal model with the observed data is calculated following the prescription explained in Sect. [7.1](#Sec25){ref-type="sec"} for five different benchmarks discussed in Sect. [2.1.2](#Sec5){ref-type="sec"}. The expected distributions of the test statistic $\documentclass[12pt]{minimal}
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The one-dimensional distribution of the unrolled post-fit BDT output distribution is presented in Fig. [16](#Fig16){ref-type="fig"} for the $\documentclass[12pt]{minimal}
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Spin-0 and CP-mixing results {#Sec34}
----------------------------

Similar to the spin-2 fixed-hypothesis tests, the CP-even BSM Higgs and the CP-odd BSM Higgs-boson hypotheses are tested against the SM Higgs-boson hypothesis. The expected distributions of the test statistic $\documentclass[12pt]{minimal}
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                \begin{document}$$q$$\end{document}$, derived from pseudo-experiments for the SM versus BSM CP-odd and CP-even pure states, are shown in Fig. [17](#Fig17){ref-type="fig"}. The distributions are symmetric and have no overflow or underflow bins. The overlap of the test-statistic distributions for the SM hypothesis and the alternative hypothesis indicates the sensitivity of the analysis to distinguish them. The expected sensitivity is higher for the CP-odd hypothesis than for the CP-even hypothesis. The expected and observed significances and $\documentclass[12pt]{minimal}
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                \begin{document}$$ p^{\mathrm{SM}}_{\text {exp},\ \mu =1}$$\end{document}$are similar, because the observed and the expected SM yields are similar for the spin-0 fixed hypothesis test. The SM hypothesis is favoured in both tests and the alternative hypothesis can be excluded at 96.5 % CL for the CP-odd Higgs boson and disfavoured at 70.8 % CL for the CP-even BSM Higgs boson.Fig. 17Test-statistic distribution for the pure BSM CP-odd (*left*) and BSM CP-even (*right*) benchmarks, including all systematic uncertainties. The median of the expected distributions for the SM (*dashed red line*) and the BSM Higgs-boson signal (*dashed blue line*) is also shown, together with the observed result (*solid black line*) from the fit to the data. The *shaded areas* are used to compute the observed $\documentclass[12pt]{minimal}
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                \begin{document}$$p$$\end{document}$ valuesFig. 18The unrolled one-dimensional BDT output after background subtraction in the case of the pure BSM CP-odd (*top*) and BSM CP-even (*bottom*) benchmarks. The background yields are taken from the fit results, assuming the SM signal hypothesis in the *left-hand plots*, and the alternative hypothesis in the *right-hand plots*

The unrolled BDT output distributions normalised to the post-fit values are shown in Fig. [18](#Fig18){ref-type="fig"}. These distributions show the one-dimensional unrolled BDT output for the SM and alternative signal hypotheses separately and compare them with the data after background subtraction. Both the signals and the background yields are normalised to the post-fit values. The distributions are ordered by increasing signal, and they contain bins that have at least three signal events and are above a signal-to-background threshold (S/B) of 0.035. As already mentioned above, these plots are intended for illustrative purposes only. The figure shows that the SM Higgs-boson hypothesis is preferred over the pure BSM CP-even or CP-odd cases. The S/B ratio used for the CP analysis is higher than the one used for the spin-2 analysis because on average the bins with the highest significance have a higher S/B in the CP-mixing than in the spin-2 BDT output.Fig. 19The BSM CP-odd (*top*) and BSM CP-even (*bottom*) mixing scan results. The *top row* shows the full CP-odd scan (*left*) and the region around the minimum enlarged (*right*). The 68 % and 95 % CL exclusion regions are indicated as lying above the corresponding *horizontal lines*

The compatibility of the CP-mixed signal plus background with the observed data is calculated following the prescription explained in Sect. [7.2](#Sec26){ref-type="sec"} for the two different scans (mixing of an SM Higgs boson with a BSM CP-even or CP-odd boson) as discussed in Sect. [2.2.1](#Sec7){ref-type="sec"}. The scan results are presented in Fig. [19](#Fig19){ref-type="fig"}.

In the case of the BSM CP-odd mixing scan (top row of Fig. [19](#Fig19){ref-type="fig"}), the expected and observed curves are slightly asymmetric, but the sensitivity to the sign of the scan parameter is small. Due to higher observed yields for the SM hypothesis, the expected curve using the observed yields ($\documentclass[12pt]{minimal}
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The plot on the bottom of Fig. [19](#Fig19){ref-type="fig"} shows the result of the BSM CP-even scan as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$-2\Delta \text{ LL }$$\end{document}$ distribution, because of the interference effect explained in Sect. [4.2](#Sec14){ref-type="sec"}. The fitted signal yield, both for the SM and alternative signal hypotheses, is stable for values outside the observed minimum region and similar to the values given in Table [8](#Tab8){ref-type="table"} for the fixed-hypothesis case. In the region around the minimum, the fitted BSM signal yield is higher, reaching about 370 events. These variations are expected from the significant shape differences of the input variable distributions in this region of the parameter scan, as described in Sect. [4.2](#Sec14){ref-type="sec"}. The relative uncertainty is stable throughout the scan, with values around 30 %.
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Conclusions {#Sec35}
===========
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For the spin-2 benchmarks, the SM hypothesis is favoured in all tests in data and the alternative model is disfavoured at 84.5 % CL for the model with universal couplings and excluded at 92.5--99.4 % CL for the benchmark models with non-universal couplings.

The SM Higgs-boson hypothesis is tested against a pure BSM CP-even or CP-odd Higgs-boson hypothesis: the results prefer the SM Higgs-boson hypothesis, excluding the alternative hypothesis at the 70.8 and 96.5 % levels, respectively.
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The Lagrangian terms associated to the higher-dimensional operators are called in this paper *BSM CP-even* and *BSM CP-odd Higgs bosons*.

The experiment uses a right-handed coordinate system with the origin at the nominal $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ the azimuthal angle around the beam axis. Transverse components of vectors are indicated by the subscript T. The pseudorapidity is defined in terms of the polar angle $\documentclass[12pt]{minimal}
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A decision tree is a collection of cuts used to classify events as signal or background. The classification is based on a set of discriminating variables (BDT input variables) on which the algorithm is trained. The input events are repeatedly split using this information. At each split, the algorithm finds the variable and the optimal selection cut on this variable, that give the best separation between signal and background. Finally, an overall output weight (BDT output) is assigned to each event: the larger the weight, the more signal-like the event is classified to be. More details can be found in Ref. \[[@CR10]\].
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